This review is aimed at presenting relevant information on the therapeutic potential of essential oil sesquiterpenes with anti-inflammatory activity. The data reviewed provide a basis for seeking new anti-inflammatory drugs from natural products that do not exhibit the undesirable side effects often displayed by anti-inflammatory drugs. In this review the experimental models, possible mechanisms of action, and chemical structures of 12 sesquiterpenes are presented.
Essential oils are complex mixtures of volatile compounds produced by aromatic plants. They are an immense source of organic chemical feed-stocks available and renewable. Since the middle ages, they have been employed for their antiseptic and medicinal properties, including antimicrobial, analgesic, sedative and antiinflammatory activities. Nowadays they are also widely used, for instance, in pharmaceutical, cosmetic and food industries [1, 2] . Essential oils are composed of components belonging to groups of terpenes and phenylpropanoids, such as monoterpenes and sesquiterpenes, in which the major compounds generally determine the biological properties of the essential oil [2] . The terpenes have been extensively described, discussed and detailed in innumerable monographs and reviews [2] [3] [4] [5] . Although many of the major essential oil constituents are readily available from nature, they are also produced by chemical transformation on a very large scale and demonstrate their ready availability, on industrial scales and at very modest prices. Sesquiterpenes are a subclass of terpenes that have been described to display a large range of biological and pharmaceutical activities that include effects on the central nervous system, antimicrobial, and anti-tumor actions [2] . This group of natural products seems to have started the anti-inflammatory hunt amongst natural products.
Inflammation is a physiological and pathological process that involves the participation of a complex biological cascade of molecular and cellular signals. It is an adaptive response that protects and usually results in healing of tissue injury or infection [6] . Since the inflammatory process comprises the participation of complex regulatory interrelated networks, some relevant aspects of the inflammatory response are addressed below for a better understanding of the mechanisms involved in the anti-inflammatory activity of the sesquiterpenes.
In the initial phase of inflammation, the inflammatory response is triggered by intracellular signals that initiate with the binding of priming and activating agents to their specific surface receptors by means of which they are able to regulate cellular functions such as adhesion molecule expression, phagocytosis, cell killing, and the secretion of chemotaxins, enzyme and lipid mediators. Some examples of priming agents are: adenosine triphosphate (ATP), platelet activating factor (PAF), TNF-α, IL-8, lipopolysaccharide (LPS), granulocyte-macrophage colony stimulating factor (GM-CSF) and IFN-γ, while examples of activating agents include: PAF, IL-8, LPS, IL-1β and TNF-α (stimulate the release of other cytokines), IL-6 (stimulates acute-phase protein production), Nformyl-L-methionyl-L-leucyl-phenylalanine (fMLP -a bacterial agent obtained from Gram-positive bacteria), and complement fragment 5a (C5a) [7] .
Lipid mediators synthesized from essential fatty acids (eicosanoids) also play a crucial role in distinct phases of the inflammatory response, with prostaglandin (PG)E 2 and leukotrienes promoting early vascular permeability and LTB 4 stimulating leukocyte chemotaxis [8, 9] . Eicosanoids are derived from arachidonic acid, which is metabolized by COX-1 and COX-2 to generate prostaglandins and thromboxanes, or by lipoxygenases (5-LOX) to generate leukotrienes and lipoxins. Inflammatory cells are known to express COX-2 in response to LPS, TNF-α, IFN-γ, and IL-1β in parallel with PGE 2 generation [10] . Another relevant participant in the inflammatory response is NO, a gaseous molecule derived from the oxidation of L-arginine catalyzed by iNOS, an enzyme expressed by macrophages, endothelial cells and smooth muscle cells in response to pro-inflammatory stimuli (e.g. IL-1β, TNF-α, and LPS). Overproduction of NO is associated with immunological and inflammatory diseases such as septic shock, rheumatoid arthritis and diabetes [11] . Once the inflammatory response begins, it must be actively terminated when no longer needed. Endogenous downregulation effects appear as part of control mechanisms that serve to terminate inflammation. Specific cytokines have been shown to downregulate the functions of activated inflammatory cells, such as IL-10 that inhibits LPS-induced release of TNF-α, IL-1β, IL-6 and IL-8, and IL-4 that inhibits LPS-induced COX-2 expression and decreases macrophage responses [12] .
The anti-inflammatory action of plant products has provided relevant insight into this line of investigation. As essential oils and their constituents are becoming promising sources of antiinflammatory agents, this work comprises an extensive literature review of sesquiterpenes with anti-inflammatory activity extracted from essential oils of various plant species (Figure 1 ). Chemical
Ref.
Farnesol (3,7,11- Essential oil sesquiterpenes with anti-inflammatory activity Natural Product Communications Vol. 10 (10) 2015 1769 structures and names of bioactive compounds are provided in Table  1 . The selection of the presented sesquiterpenes was based on the effects displayed in inflammatory experimental models aimed at evaluating the specific pathways involved in the mechanisms of action. A search of the scientific literature databases chemical abstracts was carried out until August 2014.
Farnesol, caryophyllene, caryophyllene oxide and α-humulene
Farnesol (3,7,11-trimethyl-2,6,10-dodecatriene-1-ol) is an acyclic sesquiterpene alcohol present in many essential oils, such as citronella, lemon grass and rose, and known to work as a chemopreventative, anti-tumor and anti-inflammatory agent [13] . Farnesol has been reported to reduce inflammation by down regulating the expression of type 1 T helper (Th1) cytokine IFN-γ and the Th1-inducing cytokine IL-12 in mice [14] . In a study by Qamar and Sultana [15] , farnesol was shown to exert a protective role against lung inflammation and oxidative stress caused by cigarette smoke toxicants due to its ability to potentiate endogenous defense enzymes in rat lungs. Cigarette smoke toxicants can generate an increase in epithelial permeability and inflammatory reactions, debility in antioxidant defenses and lung diseases such as emphysema, fibrosis, and chronic obstructive pulmonary disorder [15, 16] . Stable compounds found in cigarette smoke undergo redoxcycle to form ROS, which can result in oxidative DNA damage that may cause cancer of the lung and other organs [17, 18] .
Following intratracheal instillation of cigarette smoke extract, a procedure that produces edema with high protein content in bronchoalveolar lavage fluid (BALF), the administration of farnesol (50 and 100 mg/kg, gavage), once daily for seven days, markedly reduced total cell count, lactate dehydrogenase (LDH) levels, total protein and malondialdehyde (MDA) in BALF [15] . MDA, in particular, is generated from ROS, and as such is assayed in vivo as a bio-marker of oxidative stress, being considered one of the most frequently used indicators of lipid peroxidation [17] . Farnesol also significantly increased reduced glutathione content (GSH, a cellular antioxidant), reduced H 2 O 2 content, restored the levels of redox cycle components such as glutathione reductase (GR), glutathione peroxidase (GPx) and GSH in lung tissue, and restored the levels of catalase [19] -an enzymatic antioxidant responsible for the breakdown of H 2 O 2 into water and oxygen [20] .
The protective efficacy of farnesol was also evidenced in 1,2dimethylhydrozine (DMH) induced oxidative stress, inflammation response and apoptotic tissue damage in the colon of Wistar rats [21] . After metabolic activation, DMH (colon specific carcinogen) generates H 2 O 2 and methyl free radical, an inducer of oxidative stress. As a result, caspase-3 activation, lipid peroxidation and increased level of MDA is often observed after treatment with DMH that in turn markedly reduces MDA level in colonic tissue, as well as the level of the antioxidant enzymes glutathione-Stransferase (GST), GSH, GPx, and GR activities [22, 23] . The oral administration of farnesol (50 and 100 mg/kg), during seven days, significantly improved oxidative damage by reducing tissue lipid peroxidation. Other observed effects were: significant increase in GSH level, improvement of GST activity and glutathione redoxcycle enzymes, increase in the activity of other antioxidant enzymes like superoxide dismutase, catalase and quinone reductase, all believed to play a role in the protection of the colonic tissue by scavenging the free radicals [21] . Farnesol significantly downregulated the activity of caspase-3, an enzyme involved in DNA fragmentation and cleavage of cellular proteins (e.g. actin and lamins) during apoptosis [24] . Further evidence of the antiinflammatory action was provided by histological analysis showing that farnesol reduced the infiltration of inflammatory cells in the mucosal and submucosal layers and the severity of submucosal edema and regional destruction of mucosal layer induced by DMH in the colon of rats [21] .
Caryophyllene (4, 11, 11-trimethyl-8-methylene-bicyclo[7.2.0] undec-4-ene is a bicyclic sesquiterpene found in many essential oils, for example, clove oil, the oil from the stems and flowers of Syzygium aromaticum (cloves) [25] , the essential oil of hemp Cannabis sativa [26] , and rosemary Rosmarinus officinalis [27] . It is usually found as a mixture with α-humulene (obsolete name: αcaryophyllene) and is commonly used as a fragrance and flavoring agent in a variety of food products and beverages such as spice blends, citrus flavors, soaps, and lotions [28] . Caryophyllene has been reported to exert several biological activities including anticarcinogenic action because of its ability to increase the activity of natural killer cells in vitro and in vivo [29] , and to induce the detoxifying enzymes [30] . The investigation of the antiinflammatory activity of caryophyllene and α-humulene showed the participation of different signaling pathways, including the cannabinoid receptor pathway [26] .
Caryophyllene oxide is commonly used as preservative in food, drugs and cosmetics, and is the component responsible for cannabis identification by drug-sniffing dogs [31] . This sesquiterpene derivative has been identified as a constituent of the unsaponified light petroleum extract of the bark of Annona squamosa L.
(Annonaceae) -a plant used in India to treat rheumatism and painful spleen and known to possess antipyretic, antiulcer, antiseptic, abortifacient [32] , analgesic and anti-inflammatory activities [33] . Caryophyllene α-oxide was shown to exhibit anti-inflammatory activity in carrageenan-induced rat and mice paw edema at doses of 12.5 and 25 mg/kg, an effect comparable with the effect of the reference compound aspirin at a much higher dose (100 mg/kg) [34] .
The endocannabinoid system involves a lipid signaling network which modulates neuronal functions and inflammatory processes by downregulating stress-related signals that can cause chronic inflammation and certain types of pain. Two types of receptors, namely cannabinoid type-1 (CB 1 ) and type-2 (CB 2 ), are known to be involved in the signaling pathway of the endocannabinoid system. In particular, the cannabinoid CB 2 receptor has been Sá et al.
reported to modulate the tuning of inflammatory processes by mediating cellular signals that may lead to attenuation of inflammation [35, 36] . Studies have shown that caryophyllene selectively binds to the CB 2 receptor and exerts significant cannabimimetic anti-inflammatory effects in mice. Caryophyllene also inhibited the pathways triggered by activation of the toll-like receptor complex CD14/TLR4/MD2, which typically elicits the expression of proinflammatory cytokines (IL-1β, IL-6; IL-8 and TNF-α) and promotes a Th1 immune response. Furthermore, the treatment of primary monocytes/macrophages with caryophyllene inhibited LPS-stimulated phosphorylation of the kinases Erk1/2 and JNK1/2 but not p38 [26] .
In a different approach, the investigation of the ability of caryophyllene (0.1-100 μg/ml) to protect cultured human lymphocytes from the genotoxic damage induced by ethyl methanesulfonate and colcemid in the micronucleus assay showed that the sesquiterpene markedly decreased the micronuclei frequency induced by ethyl methanesulfonate in pre and cotreatment protocols (up to 64.4% and 87% reduction, respectively).
In the post-treatment protocol, caryophyllene did not effectively exert an antimutagenic action as no significant reduction of colcemid-induced micronuclei frequency was found. The obtained results suggest that caryophyllene could be working as a desmutagen, exhibiting potential use as a chemopreventive agent [30] .
Cordia verbenacea D.C. (Boraginaceae) is a Brazilian medicinal plant used as anti-ulcer, anti-microbial, anti-inflammatory, antirheumatic, analgesic and tonic agent [37] . Several constituents have been identified in the ethanolic extract of C. verbenacea leaves, including tannins, flavonoids, monoterpenes and sesquiterpenes, such as α-pinene, caryophyllene, alloaromadendrene, α-humulene, spathulenol, β-gurjunene and caryophyllene oxide [38] [39] [40] [41] . Among the biological activities displayed by C. verbenacea and its main constituents, the anti-inflammatory action was evidenced in the oral treatment with α-humulene and caryophyllene (50 mg/kg, p.o.), which significantly inhibited carrageenan-induced mice paw edema while the essential oil of C. verbenacea (300-600 mg/kg) exerted the following effects: reduction of carrageenan-induced rat paw edema, myeloperoxidase (MPO) activity and carrageenan, bradykinin, substance P, histamine and platelet-activating factorinduced mouse edema; inhibition of carrageenan-induced exudation and neutrophil influx to rat pleura and neutrophil migration into carrageenan-stimulated mouse air pouches; inhibition of edema caused by Apis mellifera venom or ovalbumin in sensitized rats and ovalbumin-induced allergic pleurisy. In addition, the essential oil decreased TNF-α, but not IL-1β production, in carrageenan-injected rat paws; PGE 2 formation after intrapleural injection of carrageenan, and COX-1 or COX-2 activities in vitro. A similar antiedematogenic effect was also observed for the essential oil of C. verbenacea in mice [37] .
The anti-inflammatory action of α-humulene and caryophyllene was also evidenced in a model of acute inflammation in Wistar rat paw, elicited by LPS and characterized by paw edema, neutrophil recruitment, cytokine production, activation of MAPKs and NF-kB, and upregulated expression of kinin B1 receptors. Kinins are biologically active peptides produced during the inflammatory processes [42] , whose effects are generally intermediated by stimulation of two different receptors, classified as B 1 and B 2 [43, 44] . Various in vitro and in vivo studies have indicated that proinflammatory cytokines such as TNF-α and IL-1β may modulate B 1 receptor upregulation in several tissues [45, 46] . In this sense, receptor B 1 has been appointed a potential target for anti-inflammatory drugs for the management of inflammatory and pain diseases [47] .
The obtained results showed that α-humulene and caryophyllene significantly reduced neutrophil migration and activation of LPSinduced NF-κB in the rat paw, but only α-humulene effectively decreased TNF-α and IL-1β levels, and paw edema. Neither αhumulene nor caryophyllene exhibited direct antagonistic effect on the bradykinin B1 receptors, but further analysis revealed that B 1 receptor mRNA levels in the rat paw were lowered by α-humulene, like the anti-inflammatory steroid dexamethasone. None of the compounds exerted any inhibitory effect on the activation of the MAPKs (ERK, p38 and JNK) [48] .
Studies using different inflammatory models in mice and rats corroborated the anti-inflammatory action of α-humulene and caryophyllene (50 mg/kg, p.o.), which effectively inhibited platelet activating factor-, bradykinin-and ovoalbumin-induced Swiss mouse paw edema, and carrageenan-induced Wistar rat paw edema.
In contrast, only α-humulene significantly inhibited the edema formation caused by histamine injection. Systemic treatment with αhumulene diminished the release of TNF-α and IL-1β in carrageenan-elicited rats, whereas caryophyllene only reduced the production of TNF-α. In addition, both compounds inhibited the production of PGE 2 , iNOS and COX-2 expression in carrageenaninduced rat paw edema (5 -50 mg/kg, p.o.), an effect similar to that observed in dexamethasone-treated animals, used as the reference compound. However, in the evaluation of the neutrophil migration in the carrageenan-induced rat paw edema, both α-humulene and caryophyllene failed to inhibit MPO activity at 50 mg/kg, while at the dose of 100 mg/kg caryophyllene was able to effectively suppress MPO activity [49] . MPO is a common indicator of tissue neutrophil content and its inhibition is used as an indicator of antiinflammatory activity [37, 50] .
The anti-inflammatory activity of α-humulene and caryophyllene was further evaluated in an experimental model of airways allergic inflammation. In particular, the oral or aerosol use of α-humulene showed significant anti-inflammatory action in mice, involving the reduction of inflammatory mediators, adhesion molecules expression and transcription factors activation. Ovalbuminchallenged female BALB/c mice were treated daily with either αhumulene or caryophyllene (50 mg/kg-1, orally) or with αhumulene (1 mg/mL-1, by aerosol) as either a preventive (for 22 days) or therapeutic (from the 18th to the 22nd day) treatment. Inflammation was examined on day 22 post-immunization by leukocyte recruitment, IL-5, C-C motif chemokine 11 (CCL11), IFN-γ and LTB 4 levels in BALF; by immunohistochemistry measurement of transcription factors (NF-κB and activator protein 1 -AP-1) and P-selectin in lung tissue, and mucus secretion by histochemistry. Preventive or therapeutic treatments with αhumulene, but not with caryophyllene, markedly inhibited the recruitment of eosinophils to the BALF. α-Humulene decreased the production of IL-5, CCL11 and LTB 4 levels in BALF, as well as the IL-5 production in mediastinal lymph nodes (in vitro assay). Moreover, α-humulene reduced the activation of NF-kB and AP-1, the expression of P-selectin and the increased mucus secretion in the lung [51] .
An earlier study showed the gastric cytoprotective effect of caryophyllene, administered orally to rats, in which the sesquiterpene markedly suppressed gastric mucosal injuries induced by necrotizing agents (ethanol and 0.6 N HCl), but failed to prevent water immersion stress-and indomethacin-induced gastric lesions. Caryophyllene did not affect the secretion of gastric acid and Essential oil sesquiterpenes with anti-inflammatory activity Natural Product Communications Vol. 10 (10) 2015 1771 pepsin, indicating that caryophyllene displayed anti-inflammatory effects without causing gastric mucosal damage typical of nonsteroidal anti-inflammatory agents [52] .
Bisabolol, chamazulene, valencene and nootkatone
Bisabolol (6-Methyl-2-(4-methyl-3-cyclohexen-1-yl)-5-hepten-2ol), also known as α-(-)-bisabolol or α-bisabolol, is a natural monocyclic sesquiterpene alcohol found as the primary constituent of the essential oil from German chamomile (Matricaria recutita) and Myoporum crassifolium. Bisabolol has been shown to exhibit anti-irritant, anti-inflammatory and anti-microbial activities, and is used in various fragrances and in cosmetics because of its skin healing properties [53] . Bisabolol has been reported to work as a chemopreventive agent in induced rat mammary carcinogenesis and to induce apoptosis in acute leukemia cells by producing direct damage to mitochondrial integrity, which was responsible for the decrease in NADH-supported state 3 respiration and the disruption of the mitochondrial membrane potential [54] . In mice, bisabolol (10 mg/mouse) reduced the number of palpable mammary tumor masses and was involved in the downregulation of genes implicated in carcinogenesis mechanisms (such as HER-2/neu), angiogenesis process (Fgf), and inhibition of apoptosis (Birc 5) [55] .
The evaluation of the anti-inflammatory activity in acute models of croton oil-, arachidonic acid-, phenol-and capsaicin-induced dermatitis in mouse ear showed that bisabolol exhibited a topical anti-inflammatory action by inhibiting the dermatitis induced by all noxious agents, except capsaicin [56] . In another study, the possible medicinal use as an antioxidant was evidenced by means of the ability of bisabolol to interfere with ROS production during human polymorphonuclear neutrophil respiratory bursts induced by Candida albicans and fMLP. Bisabolol markedly inhibited concentration-dependent luminol-amplified chemiluminescence after C. albicans and fMLP stimulus at concentrations ranging from 7.7 to 31 μg/mL and 3.8 to 31 μg/mL, respectively, indicating that the sesquiterpene is capable of improving the antioxidant network and the redox balance by antagonizing oxidative stress [57] . Chamazulene (7-ethyl-1,4-dimethylazulene) is a blue-violet aromatic compound obtained from azulene, which is biosynthesized from the sesquiterpene matricin. It is found in many plants including wormwood (Artemisia absinthium), yarrow (Achillea millefolium) and chamomile (Matricaria chamomilla) (Asteraceae) -an herbal medicine used as a mild laxative and an antiinflammatory [58] . Chamazulene, but not matricine, is believed to contribute to the anti-inflammatory activity of chamomile extract for inhibiting leukotriene synthesis in neutrophilic granulocytes and exhibiting antioxidative effects. Chamazulene suppressed LTB 4 formation in intact cells and in the 105,000 × g supernatant fraction in a concentration-dependent manner (IC 50 values: 15 and 10 μM, respectively), and prevented the peroxidation of arachidonic acid (IC 50 : 2 μM), while matricine (up to 200 μM) had no effect on the cyclooxygenase and 12-lipoxygenase activities in human platelets [59] .
Additionally, three sesquiterpenes (valencene, nootkatone and caryophyllene oxide) were isolated from the 70% ethanol extract of the rhizomes of C. rotundus and were shown to exert anti-allergic activity in vitro and in vivo [60, 61] . Valencene, nootkatone and caryophyllene oxide (100 μM) exhibited suppressive effects on the allergic inflammation cascade by inhibiting 5-LOX-catalyzed leukotrienes production in rat basophilic leukemia (RBL)-1 cells (60%, 93% and 99%, respectively), while the rhizome extract inhibited the production of leukotrienes by 66% -91% at 30 -300 μg/mL. The sesquiterpenes also inhibited β-hexosaminidase release by antigen-stimulated RBL-2H3 cells, with valencene having the highest inhibitory effect (88% at 100 μM) when compared with nootkatone (44%), caryophyllene oxide (28%), the rhizome extract (21% at 300 μg/ml), and the reference compound quercetin, a degranulation inhibitor (69% at 10 μM). The cellular mechanism of valencene and the rhizome extract against β-hexosaminidase release involved the inhibition of the initial activation reaction, Lyn phosphorylation, in IgE-stimulated RBL-2H3 cells. In vivo, valencene, nootkatone and the rhizome extract markedly suppressed the delayed-type hypersensitivity reaction in male ICR mice when administered orally at 50 -300 mg/kg [61] . A similar investigation was carried out with monoterpenes (β-pinene, 1,8-cineole, and limonene) which failed to inhibit 5-LOX and β-hexosaminidase activity, indicating that the sesquiterpene constituents were the main contributors to the anti-allergic activity of the rhizomes of C. rotundus [61] .
Santamarin and dehydrocostus lactone
Santamarin is a sesquiterpene lactone found among the constituents of Saussurea lappa C. B. Clarke (Asteraceae), a medicinal herb used to alleviate pain in abdominal distention, dysentery, nausea and vomiting [62, 63] . In vitro studies using LPS-stimulated murine peritoneal RAW 264.7 macrophages obtained from C57BL/6 mice showed that santamarin exhibited the following effects: inhibition of iNOS, reduction of NO production, suppression of COX-2 expression, decrease in COX-derived PGE 2 production, reduction of TNF-α and IL-1β production through inhibition of NFκB translocation, inhibition of phosphorylation and degradation of IκBα as well as the nuclear translocation of p65, and induction of heme oxygenase (HO)-1 expression mRNA and protein level [63] .
HO-1 is a stress response protein that exerts a cytoprotective role against inflammation and apoptosis. It has been shown that when macrophages over-express HO-1 before stimulation with LPS, the expected pro-inflammatory response is significantly inhibited [64] . HO-1 expression also reduces NO and prostaglandin production [65, 66] . The induction of HO-1 by various agents is mediated by nuclear transcription factor E2-related factor 2 (Nrf2), a component known to modulate antioxidant responses by regulation of basal and inducible expression of detoxifying and antioxidant genes. The mechanism of HO-1 expression involves nuclear translocation of activated Nrf2, whose levels in the nucleus of RAW 264.7 cells were increased by santamarin. The inhibition of HO activity by tin protoporphyrin IX (SnPP), an inhibitor of HO, partially reversed the suppressive effects of santamarin on NO, PGE 2 , TNF-α and IL-1β production, and the inhibitory action on IκB-α degradation and NF-κB translocation in LPS stimulated macrophages [63, 67] . These findings indicate that the anti-inflammatory activity of santamarin in macrophages is being partially mediated by a mechanism involving HO-1 expression and suggest a potential therapeutic use of this sesquiterpene lactone on the treatment of inflammatory diseases [63] .
Another sesquiterpene lactone extracted from S. lappa is dehydrocostus lactone. This compound inhibited NO production by exerting a suppressive effect on the iNOS gene expression by means of inactivation of NF-kB in LPS-induced RAW 264.7 macrophages and U937 human monocytic cells [68] .
Tomentosin and tussilagone
Neuroinflammation is a condition believed to cause brain damage in various neurodegenerative disorders as a result of over-activation of microglia, an innate immune cell found in the central nervous system [69] . The secretion of inflammatory mediators by microglia Sá et al.
like ROS, NO, PGE 2 , TNF-α and IL-1β, contributes to the neuroinflammatory process and the occurrence of further neuronal damage, implicating the participation of different signaling pathways such as NF-κB activity and jak2/Stat3 activation [70] [71] [72] [73] . Some studies have evidenced the action of activated MAPKs (p38, ERK1/2, and JNK) on the inhibition of microglia-mediated inflammation by regulation of inflammatory gene expression including TNF-α, IL-1β, iNOS and COX-2 [74] [75] [76] .
Tomentosin is a sesquiterpene extracted from Inula japonica Thunb (Asteraceae) [77] , a traditional Chinese medicinal herb well known as a hypoglycemic and hypolipidemic agent [78] . The flowers of I. japonica (Inulae flos) are used to treat bronchitis, digestive problems and inflammation [79] . The anti-allergic activity of Inula extract was assessed in vitro using mouse bone marrow-derived mast cells and a passive cutaneous anaphylaxis animal model in vivo [80] . Mast cells play an important role in allergic inflammation response by releasing preformed mediators, such as histamine and newly synthesized eicosanoids, chemokines and cytokines [81, 82] .
In the signaling cascade of the allergic response, phospholipase (PL)Cγ pathway triggers the release of calcium from internal stores in mast cells (via hydrolysis of phosphatidylinositol 4,5bisphosphate (PIP 2 ) to diacylglycerol (DAG) and inositol-1,4,5trisphosphate -IP 3 ), leading to degranulation and arachidonic acid release and metabolism by activation of cytosolic PLA 2 [83] . Another signaling pathway involves the Ras/MAPKs, which play an essential role in mitogenic responses and survival of mast cells [84] . The treatment with either Inula extract or tomentosin significantly inhibited generation of eicosanoids (PDG 2 and LTC 4 ) and degranulation by suppression of MAPK, PLA 2 and PLCγ1 activation, and intracellular calcium release in stem cell factor (SCF)-stimulated bone marrow mast cells. In vivo, the oral administration of Inula extract (100 and 400 mg/kg) reduced the mast cell-mediated passive cutaneous anaphylaxis reaction in IgEsensitized mice. The obtained results suggest that the anti-allergic activity displayed by Inula extract may be attributed to the sesquiterpene tomentosin, involving suppression of signaling pathways that mediate eicosanoids generation and degranulation [77] .
Tussilago farfara L. (Asteraceae), used in China for the treatment of coughs, bronchitis and asthma [84] , has been reported to have several biological activities, including inhibition of arachidonic acid metabolism [76] , cardiovascular and respiratory stimulation [85] , neuroprotective and anti-inflammatory effects [86, 87] . Sesquiterpenoids are among the constituents of T. farfara and studies have shown that bisabolene-type sesquiterpenoids and tussilagone exhibit inhibitory activity on NO production induced by LPS in RAW 264.7 macrophage or BV-2 microglial cells in vitro [86] [87] [88] . Tussilagone also inhibited dose-dependently the production of NO in LPS-stimulated RAW 264.7 macrophages [84] .
The biological and pharmacological actions of essential oils and their active constituents are being the subject of interest in many lines of research such as anti-inflammatory activity [89] . In this context, the sesquiterpenes appear as potential anti-inflammatory agents as evidenced by the data discussed in this review. In vivo and in vitro experimental protocols were able to indicate possible mechanisms of action involved in the modulation or suppression of elements that play a direct role in the inflammatory response. Thus the sesquiterpenes could provide a promising approach against the development of inflammatory conditions and be considered for further evaluations to ensure their therapeutic action.
